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Using a data sample of 4.48×108 ψ(3686) events collected with the BESIII detector, we present a
first observation of ψ(3686)→ pp¯φ, and we measure its branching fraction to be [6.06±0.38(stat.)±
0.48(syst.)] × 10−6. In contrast to the earlier discovery of a threshold enhancement in the pp¯-mass
spectrum of the channel J/ψ → γpp¯, denoted as X(pp¯), we do not find a similar enhancement in
ψ(3686)→ pp¯φ. An upper limit of 1.82×10−7 at the 90% confidence level on the branching fraction
of ψ(3686) → X(pp¯)φ→ pp¯φ is obtained.
PACS numbers: 13.66.Bc, 14.40.Be
I. INTRODUCTION
An intriguing enhancement near the pp¯-mass thresh-
old, referred to as the X(pp¯), was discovered by BES
in the channel J/ψ → γpp¯ [1] and subsequently con-
firmed by CLEO [2] and BESIII [3]. A more recent
partial-wave amplitude analysis of J/ψ → γpp¯ [4] sup-
ports the existence of the structure and concludes to a
spin-parity assignment of JPC = 0−+. There is no ex-
perimental evidence of such an enhancement in radia-
4tive Υ(1S) → γpp¯ [5] decay nor in the J/ψ → ωpp¯ de-
cay [6]. It is tempting to associate this enhancement with
the X(1835), a resonance that was recently confirmed by
BESIII [7] after it was first observed in J/ψ → γpi+pi−η′
decay [8]. Whether or not the pp¯-mass threshold en-
hancement and the X(1835) are related to the same
source still needs further study. As a result, lots of theo-
retical speculations have been proposed to interpret the
nature of this structure, including the quasibound nucle-
ar baryonium [9, 10], a multiquark resonance [11] or an
effect caused by final-state interaction (FSI) [12, 13] near
the proton-antiproton production threshold.
Most recently, BESIII reported the study of J/ψ →
pp¯φ [14] and no evidence of a near-threshold enhance-
ment in the pp¯-mass spectrum was found. Moreover, no
significant signatures of resonances in the pφ or p¯φ mass
spectra were observed. For the decay of ψ(3686)→ pp¯φ,
BES reported an upper limit on the branching fraction
B(ψ(3686) → pp¯φ) of 2.6 × 10−5 at the 90% confidence
level (C.L.) [15]. The latest measurement came from
CLEO [16], who reported an upper limit on the branch-
ing fraction B(ψ(3686)→ pp¯φ) of 2.4× 10−5 at the 90%
C.L.. These experimental observations, together with
similar results found in different decays, give rise to a
discussion on the nature of the threshold effect and stim-
ulate theoretical developments.
In this work, we report on the data analysis of the
charmonium decay ψ(3686) → pp¯φ. The data have
been obtained with the BESIII detector at the BEPCII
storage ring at which a total of (4.481 ± 0.029) × 108
ψ(3686) events [17] were produced in electron-positron
annihilations. The aim of this work is to search for
a near-threshold enhancement in the pp¯-mass spectrum
and to search for pφ(p¯φ) resonances that might hint to
the existence of pentaquarks with hidden strangeness.
Moreover, we measured the branching fraction of the pro-
cess ψ(3686)→ pp¯φ which allows us to inspect the ‘12%
rule’ proposed in 1975 [18]. The rule is based on pertur-
bative quantum chromodynamics (QCD) calculations, in
which the ratio of the branching fractions of ψ(3686) and
J/ψ into the same final hadronic state is given by
Q =
Bψ(3686)→h
BJ/ψ→h
=
Bψ(3686)→l+l−
BJ/ψ→l+l−
= (12.4± 0.4)%. (1)
II. DETECTOR AND MONTE CARLO
SIMULATION
The BESIII detector is a magnetic spectrometer [19]
located at the Beijing Electron Positron Collider
(BEPCII) [20]. The cylindrical core of the BESIII
detector consists of a helium-based multilayer drift
chamber (MDC), a plastic scintillator time-of-flight sys-
tem (TOF), and a CsI(Tl) electromagnetic calorime-
ter (EMC), which are all enclosed in a superconducting
solenoidal magnet providing a 1.0 T magnetic field. The
solenoid is supported by an octagonal flux-return yoke
with resistive plate counter muon identifier modules in-
terleaved with steel. The acceptance of charged particles
and photons is 93% over 4pi solid angle. The charged-
particle momentum resolution at 1 GeV/c is 0.5%, and
the dE/dx resolution is 6% for the electrons from Bhabha
scattering. The EMC measures photon energies with a
resolution of 2.5% (5%) at 1 GeV in the barrel (end cap)
region. The time resolution of the TOF barrel part is
68 ps, while that of the end cap part is 110 ps.
Simulated samples produced with the geant4-
based [21] Monte Carlo (MC) package which includes
the geometric description of the BESIII detector and the
detector response, are used to determine the detection
efficiency and to estimate the backgrounds. The simu-
lation includes the beam energy spread and the initial-
state radiation (ISR) in the e+e− annihilations modelled
with the generator kkmc [22]. The inclusive MC sam-
ple consists of the production of the ψ(3686) resonance,
and the continuum processes incorporated in kkmc. The
known decay modes are modelled with evtgen [23] us-
ing branching fractions taken from the Particle Data
Group (PDG) [24], and the remaining unknown decays
from the charmonium states with lundcharm [25]. The
final-state radiation (FSR) from charged final-state par-
ticles is incorporated with the photos package [26]. The
background is studied using a sample of 5.06 × 108 in-
clusive ψ(3686) MC events. The analysis is performed
in the framework of the BESIII offline software system
(BOSS) [27] incorporating the detector calibration, event
reconstruction and data storage.
III. DATA ANALYSIS
A. Event selection and background analysis
The ψ(3686) → pp¯φ reaction is identified with the
φ subsequently decaying into K+K− resulting in a fi-
nal state of four charged tracks, namely pp¯K+K−. The
charged tracks must have been detected in the active re-
gion of the MDC, corresponding to | cos θ| < 0.93, where
θ is the polar angle of the charged track with respect to
the beam direction. Moreover, the tracks are required to
pass within ±10 cm of the interaction point in the beam
direction and within ±1 cm in the plane perpendicular
to the beam. Two of the charged tracks are identified as
a proton and an antiproton by using combined TOF and
dE/dx information. To improve the detection efficien-
cy, the events with at least one K+(K−) are selected for
further analysis. Thus, the candidate events are required
to have three or four charged tracks. A one-constraint
(1C) kinematic fit is subsequently performed under the
hypothesis of ψ(3686)→ pp¯K+K− , where K+ or K− is
treated as a missing particle with the nominal mass of a
kaon. For the events with both kaons detected, two 1C
kinematic fits are performed assuming a missing K+ or
K−. The one with the least χ21C is retained. To suppress
background events, the χ21C is required to be less than
510.
The potential backgrounds are investigated using the
inclusive ψ(3686) MC sample. Besides the irreducible
backgrounds from the non-resonant decay ψ(3686) →
pp¯K+K−, the reducible backgrounds are dominated by
the processes involving Λ(Λ¯) intermediate states. To sup-
press the above backgrounds, all other charged tracks
except for the selected proton, antiproton and kaon can-
didates are assumed to be pions, and events are excluded
if any combination of ppi− or p¯pi+ has an invariant mass
lying in the range |Mppi−(p¯pi+) − MΛ(Λ¯)| < 3 MeV/c2.
There are also some background events found originat-
ing from the process ψ(3686)→ p¯K+Λ(1520)+ c.c. with
Λ(1520) → pK. A MC sample is generated to de-
scribe its shape, and the number of background events of
ψ(3686)→ p¯K+Λ(1520) is expected to be 40±21, which
is estimated by a fit to the measured pK− invariant-mass
spectrum. The signal shape of the Λ(1520) → pK is
modeled with a Breit Wigner (BW) function, and the
background is described with a second-order Chebychev
polynomial function. Only the background from the con-
tinuum process e+e− → pp¯φ was found to have a peak-
ing structure underneath the φ-signal region. This con-
tribution from this background is studied using the off-
resonance samples taken at
√
s = 3.773 GeV, and its ab-
solute magnitude is determined according to the formula
N = Nsurvive3773 · Lψ(3686)L3773 ·
σψ(3686)
σ3773
· εψ(3686)ε3773 , where Nsurvive3773 is
the number of events which remained in the off-resonance
samples after applying the same event selections that are
used to identify ψ(3686) → pp¯φ. L, σ and ε refer to
the integrated luminosities (Lψ(3686) = 668.55 pb−1 [17],
L3773 = 2931.8 pb−1 [28], the cross sections and the
detection efficiencies of the data samples taken at the
two corresponding center-of-mass energies, respectively.
Figure 1 shows the K+K− invariant-mass spectrum af-
ter applying all the selection criteria mentioned above.
Note that a clear signal corresponding to the decay
φ → K+K− is visible in the spectrum. Figure 2 shows
the Dalitz plot of ψ(3686) → pp¯φ for the events with a
K+K− invariant-mass that falls within the φ-mass re-
gion (1.005 GeV/c2 < MK+K− < 1.035 GeV/c
2). The
data show no evident resonance structures. Figure 3
shows its projections on the pφ and p¯φ invariant-mass
distributions. These distributions show that the data
are well described by a phase-space distribution of the
signal channel together with the continuum background
and non-peaking background.
B. Measurement of B(ψ(3686) → pp¯φ)
The φ-signal yields are obtained from an extended un-
binned maximum-likelihood fit to the K+K− invariant-
mass spectrum in the range of [0.985, 1.115] GeV/c2. In
the fit, the φ signal component is modeled by the MC-
simulated signal shape convoluted with a Gaussian func-
tion to account for the difference in the mass resolu-
tion between data and MC simulation. The MC sample,
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FIG. 1. Fit to K+K− invariant-mass spectrum. The dots
with error bars represent the data, the red solid line is the
global fit result, the brown short dashed line represent the
signal shape, the pink histogram is the contribution of the
continuum background, and the blue long dashed line reflects
the non-peaking background.
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FIG. 2. Dalitz plot for ψ(3686) → pp¯φ for the events with
a K+K− invariant mass that falls within the φ-mass region
(1.005 GeV/c2 < MK+K− < 1.035 GeV/c
2).
ψ(3686)→ pp¯φ, is generated according to a phase-space
assumption. The background contribution from the con-
tinuum process e+e− → pp¯φ is obtained as discussed
above and its shape and yield are fixed in the fit. The
other background events are parameterized by a modified
ARGUS function [29]. The parameters of the Gaussian
function and the ARGUS function are left free in the fit.
The fit, shown in Fig. 1, yields Nobs = 753 ± 47 signal
events. The statistical significance is found to be 21 σ,
which is determined from the change in −2 lnL in the fits
of mass spectrum with and without assuming the pres-
ence of a signal while considering the change in degrees
of freedom of the fits.
The branching fraction of ψ(3686)→ pp¯φ is calculated
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FIG. 3. The invariant-mass distribution of (a) pφ and (b) p¯φ. The dots with error bars denote the data; the contributions for
each component are indicated as the hatched histograms.
with,
B(ψ(3686)→ pp¯φ)
=
Nobs
Nψ(3686) × B(φ→ K+K−)× ε
,
(2)
where Nobs is the number of the observed signal events
which comes from the fit. Nψ(3686) is the total number of
ψ(3686) events. The branching fraction of φ → K+K−,
B(φ → K+K−) = (49.2 ± 0.5)%, is taken from the
PDG [24]. ε is the detection efficiency. To obtain a re-
liable detection efficiency, the MC sample of ψ(3686)→
pp¯φ, distributed according to a phase-space assumption,
is weighted to match the distribution of the background-
subtracted data with the mass distribution of pp¯, and the
average detection efficiency is determined to be 56.4%.
The branching fraction, B(ψ(3686)→ pp¯φ), is measured
to be (6.06 ± 0.38 ± 0.48) × 10−6, where the uncertain-
ties are the statistical and systematic uncertainty, respec-
tively. The systematic uncertainties will be discussed in
detail in the following section.
C. Systematic uncertainties
The systematic uncertainties that affect the branching-
fraction measurement can be divided into two categories.
The first category is given by the uncertainties in the
track reconstruction, the particle identification (PID), 1C
kinematic fit, and Λ/Λ¯ veto efficiency. The other catego-
ry comprises the uncertainties which originate from the
fit of the mass spectrum, the weighting procedure, the
cited branching fraction of the decay of the intermediate
state, and the total number of ψ(3686) events.
The difference in the efficiencies of the track recon-
struction for p/p¯ between MC and data is studied us-
ing a clean sample of J/ψ → pp¯pi+pi− and found to be
less than 1.0% per track. For the K±, the systemat-
ic uncertainty is studied using a clean control sample of
J/ψ → K0SK±pi∓. 1.0% per tracking is taken as the
systematic uncertainty for the tracking efficiency [30].
The PID efficiency of p/p¯ is also studied from the same
data sample of J/ψ → pp¯pi+pi−. The results indicate
that the p/p¯ PID efficiency for data agrees with the MC
simulation within 1%. The PID efficiency for the kaon
is measured in the clean channel J/ψ → K+K−η. It
is found that the difference between the PID efficiency
of data and MC is less than 1% for each kaon. In this
analysis, three charged tracks are required to be identified
as a proton, an anti-proton and a kaon. Hence, 3% is
taken as the systematic uncertainty associated with the
PID.
With a clean control sample of ψ(3686) → pK−Λ¯ +
c.c., the systematic uncertainty of the 1C kinematic fit is
estimated to be 3.4% by calculating the difference of ratio
of signal yields with χ21C cut and without 1C kinematic
fit between MC simulation and data.
To veto the Λ/Λ¯ background events, |Mppi−/p¯pi+ −
MΛ/Λ¯| > 3 MeV/c2 is required. An alternative choice
of |Mppi−/p¯pi+ −MΛ/Λ¯| > 10 MeV/c2 is used to remea-
sure the branching fraction. A difference of 1.1% is found
and taken as the corresponding systematic uncertainty.
The φ-signal yields are obtained by fitting the K+K−
invariant-mass spectrum. Systematic uncertainties relat-
ed to the fit have been estimated by using different signal
and background shapes, alternative fit ranges, and by
taking into consideration an additional resonant struc-
ture. To estimate the uncertainty from the modeling of
the φ-signal shape, an alternative fit with an acceptance-
corrected BW function to describe the φ-signal has been
performed. To estimate the uncertainty due to the back-
ground shape, a function of f(M) = (M−Ma)c(Mb−M)d
is used instead of the modified ARGUS function, where,
Ma andMb are the lower and upper edges of the mass dis-
tribution, respectively, and c and d are free parameters.
In the K+K− invariant-mass distribution, we observed
a small bump around 1 GeV/c2. Although this structure
might be due to statistical fluctuations, we considered
the possibility of an additional resonance. We, therefore,
fitted the distribution with an extra BW function con-
volved with a Gaussian function. The change of signal
7yield in the different fit is taken as the corresponding
systematic uncertainty. The quadratic sum of the four
individual uncertainties is taken as the systematic uncer-
tainty related with the mass spectrum fit, and it is found
to be 5.5%.
To obtain a reliable detection efficiency, the MC sam-
ple modeled using a phase-space distribution is weighted
to match the distribution of the background-subtracted
data. To consider the effect on the statistical fluctuations
of the signal yield in the data, a set of toy-MC samples
are used to estimate the detection efficiencies. With the
reweighting, a maximum deviation in detection efficien-
cies of 1.0% is found and quoted as the corresponding
systematic uncertainty.
The branching fraction uncertainty of the intermediate
decay φ→ K+K−, 1.0%, is taken from the PDG and the
uncertainty of the number of ψ(3686) events is 0.6% [17].
In Table I, a summary is shown of all contributions
to the systematic uncertainties on the branching fraction
measurements. The total systematic uncertainty is giv-
en by the quadratic sum of the individual contributions,
assuming all sources to be independent.
TABLE I. Sources of relative systematic uncertainties and
their contributions to the branching fractions and upper limits
(in %).
Sources pp¯φ X(pp¯)φ
MDC tracking 3.0 3.0
PID efficiency 3.0 3.0
1C kinematic fit 3.4 3.4
Λ(Λ¯) veto 1.1 1.1
Mass spectrum fit 5.5 —
Weighting procedure 1.0 —
B(φ→ K+K−) 1.0 1.0
Number of φ(3686) events 0.6 0.6
Total 8.0 5.7
D. Upper limit of pp¯ mass threshold enhancement
Figure 4 depicts the pp¯ invariant-mass distribution
for the events with a K+K− invariant mass that falls
within the φ mass region (1.005 GeV/c2 < MK+K− <
1.035 GeV/c2), where no evident enhancement near the
pp¯-mass threshold is visible. It is found that the events
from the phase-space process together with other back-
ground components provide a good description of the da-
ta, which is shown in Fig. 4. Therefore, an upper lim-
it for the X(pp¯) production rate can be measured. For
J/ψ → pp¯φ, we divide pp¯ invariant-mass spectrum into
9 bins in the region of [1.876, 2.056] GeV/c2. With the
same procedure as described above, the number of the φ
events in each bin can be obtained by fitting to the corre-
sponding K+K−-mass spectrum. Subsequently, the non-
φ-background-subtractedMpp¯ distribution is obtained as
shown in Fig. 5, where the errors are statistical only, and
mp is the nominal mass of proton [24].
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FIG. 4. The pp¯ invariant-mass distribution. The dots with
error bars denote the data; the contributions for each compo-
nent are displayed as the hatched histograms.
The spin (J) and parity (P ) of X(pp¯) have been de-
termined by an amplitude analysis of J/ψ → γpp¯ de-
cay and resulted in JPC = 0−+ [4]. In our analysis, we
parametrize the X(pp¯) signal by an efficiency-weighted
S-wave BW function,
BW (M) ≃ fFSI × q
2L+1κ3
(M2 −M20 )2 +M20Γ20
× εrec(M), (3)
where M is the pp¯ invariant mass, the parameter fFSI
accounts for the effect of the FSI, q is the momentum of
the proton in the pp¯ rest frame, κ is the momentum of
φ in the ψ(3686) rest frame, L = 0 is the relative orbital
angular momentum of the pp¯ system, M0 and Γ0 are the
mass and width of X(pp¯), respectively, which are fixed
to those in Ref. [4]. εrec(M) is the mass-dependent de-
tection efficiency which is obtained from MC simulations
of ψ(3686) → X(pp¯)φ → pp¯φ. We ignore possible inter-
ference effects of the X(pp¯) resonance with non-resonant
background contributions.
To determine the upper limit on the size of the pp¯
enhancement, a series of binned least-χ2 fits are per-
formed to the background-subtracted pp¯-mass spectrum
with the expected signal. Fit-related uncertainties are in-
cluded by considering the following three aspects: (a) the
X(pp¯) signal is described by excluding the FSI factor with
fFSI = 1 or taking into account the Ju¨lich FSI value as
described in Ref. [13]; (b) the non-resonant background is
represented by the shape obtained from the ψ(3686) →
pp¯φ MC simulation or parameterized by a function of
f(δ) = N(δ1/2 + a1δ
3/2 + a2δ
5/2) (δ = Mpp¯ − 2mp, a1
and a2 are free parameters); and (c) the fit is performed
in the range of [0.00, 0.18] GeV/c2 or [0.00, 0.20] GeV/c2.
Therefore, there are eight alternative fit scenarios. In the
variations, the fit taking into account the FSI, with the
background parameterized by the function of f(δ) in the
range [0.0, 0.18] GeV/c2, gives the maximum number of
X(pp¯) candidates, 20.6, at the 90% C.L.. The corre-
sponding fitting plot is shown in Fig. 5, and the upper
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ing to the upper limit on the branching fraction at the 90%
C.L.. The dots with error bars represent the data, the black
solid line is the global fit result, the red dashed-dotted line
is the X(pp¯) signal, and the blue long-dashed-dotted line de-
notes the non-resonant background.
limit on the branching fraction is determined by,
B(ψ(3686)→ X(pp¯)φ→ pp¯φ)
<
NUL
Nψ(3686) × B(φ→ K+K−)× ε
,
(4)
where NUL is the maximum number of X(pp¯) events. To
be conservative, the multiplicative uncertainties listed in
Table I are considered by convoluting the normalised χ2
distribution with a Gaussian function. The detection ef-
ficiency, ε, is obtained from MC simulations, and is de-
termined to be 58.9%. The upper limit on the branching
fraction of ψ(3686)→ X(pp¯)φ→ pp¯φ at the 90% C.L. is
calculated to be 1.82× 10−7.
IV. SUMMARY
Using a sample of 4.48 × 108 ψ(3686) events accumu-
lated with the BESIII detector, we present a study of
the decay ψ(3686) → pp¯φ. The branching fraction of
ψ(3686) → pp¯φ is measured for the first time and it is
found to be [6.06±0.38(stat.)±0.48(syst.)]×10−6. With
the previously published branching-fraction measure-
ment of J/ψ → pp¯φ [14], the ratio Q = B(ψ(3686)→pp¯φ)
B(J/ψ→pp¯φ)
is determined to be (11.6± 0.7 ± 1.2)%. With the same
approach as given in Ref. [32], we also present the ratio
by taking the phase spaces of J/ψ/ψ(3686) → pp¯φ into
account. The phase-space ratio of them is determined to
be Ωψ(3686)→pp¯φ/ΩJ/ψ→pp¯φ = 11.9. By taking this into
consideration, the Q value becomes (0.97±0.06±0.10)%,
which indicates that the ‘12% rule’ is violated significant-
ly. No evidence for an enhancement near the pp¯-mass
threshold is found and the upper limit on the branching
fraction of ψ(3686) → X(pp¯)φ → pp¯φ is determined to
be 1.82× 10−7 at the 90% C.L..
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